IntroductIon
Thirty years after the identification of AIDS, over 34 million people are living with HIV. Significant strides have been made in controlling the epidemic, including improved access to highly active antiretroviral therapies that potently suppress viral replication and have thereby extended the lives of millions of patients. 1 However, HIV strains resistant to first-line therapies have been emerging, 2 and new antiviral treatments are thus needed.
RNA interference (RNAi) is a mechanism that can potentially be harnessed for antiviral therapy, due to its ease of design and exquisite potential to differentiate between the host and pathogen.
Specifically, the cellular enzyme Argonaute can be primed with ~21 nucleotide (nt) short-interfering RNAs to degrade HIV RNAs in a sequence-specific manner. However, due to this very potential for high sequence specificity, RNAi faces a similar challenge as other antiviral drugs: rapid viral sequence evolution and the subsequent emergence of resistance. 3 It is well recognized that mutation within a RNAi target can yield resistance, and mutation near the target can also result in the structural rearrangement of viral mRNA to render it less susceptible to RNAi. 4, 5 To address these escape mechanisms, several highly conserved targets can be used in combination to delay resistance. 6, 7 However, we recently proposed a distinct mechanism for resistance in which HIV acquires mutations within the long terminal repeat (LTR), which contains the viral promoter, and thereby transcriptionally upregulates viral gene expression to stoichiometrically overwhelm cellular RNAi mechanisms. 8 If general, this mechanism would be challenging to study and address since it involves sequence fluctuations in viral regions that may lie far away from a RNAi target.
There are a number of open questions about such indirect RNAi evasion via viral transcriptional upregulation. Our previous study directed RNAi against HIV's TAR element, an indispensible component of the HIV promoter and regulator of viral gene expression, and it is unclear whether RNAi directed against viral protein-coding sequences currently under clinical investigation 9 could also favor modifications of the HIV promoter. Second, a troubling implication not considered in the original work is that transcriptional upregulation may be a general mechanism that enables a virus to evade not only RNAi directed against the original target, but also RNAi subsequently directed against other regions. The analogous situation for highly active antiretroviral therapies would be if resistance to a reverse transcriptase inhibitor also conferred resistance to a protease inhibitor. Finally, the original study was conducted with an attenuated viral strain, and it is unclear whether the indirect mechanism generalizes to full length HIV. 10 Here, we assess the ability of full length HIV to evade RNAi directed against a single target or a combination of two targets within viral protein-coding regions. Using this combinatorial RNAi system, we investigate the hypothesis that resistance to one short hairpin (shRNA) could additionally confer resistance to a second shRNA targeting a distinct viral sequence. We demonstrate that mutation of the HIV LTR confers the virus with resistance to RNAi targeting protein-coding regions up to 5,500 nts downstream of the HIV promoter. Moreover, two mutants exhibited cross-resistance to shRNAs that they had not previously encountered, indicating that such a mechanism for indirect evasion that is independent of target sequence has the potential to significantly compromise combinatorial RNAi strategies. To our knowledge, this is the first demonstration of HIV cross-resistance for viral inhibitors targeting independent genes. Taken together, these data suggest that combinatorial therapies should be tailored to address this potential for indirect resistance.
results

Validation of rnAi targets within protein-coding regions
A standard lentiviral expression system 11 was used to generate cell lines expressing shRNAs against previously reported highly conserved viral targets. 7, 12 For each region of interest, several RNAi targets that overlap the previously tested 19 nt regions 7, 12 was tested, as the pSLIK vector is predicted to yield a 21 nt shRNA. 11 In all, 14 shRNAs that target highly conserved regions of the packaging signal (psi)/gag, pol, vif, and tat/rev (Figure 1a) were analyzed, and shRNAs that effectively reduced the replication of wild-type (WT) NL4-3 HIV were identified for each target region except vif (Figure 1b) . Notably, minor shifts of just 1 nt had substantial impacts on RNAi efficacy, consistent with previous results. 7 Because they provided similarly potent inhibition of HIV replication in the short-term assay, long-term studies were initiated with shRNAs Ldr3 and TatB2, which differ in several respects. Ldr3 spans the noncoding structural feature psi and the beginning of the late structural gene gag, whereas TatB2 targets two overlapping reading frames for early genes, tat and rev (Figure 1a and Supplementary Figure S1) . Additionally, while both shRNAs target essential and highly conserved regions of the HIV genome, Ldr3 is significantly more conserved than TatB2 based on an analysis of 956 sequences from the Los Alamos National Lab HIV database (Figure 1c) . Furthermore, variability in the TatB2 target is biased towards the 3′ end (Figure 1d) , a key consideration for escape from RNAi as this represents the "seed" region most important in determining RNAi efficacy. 13 We were thus also interested in observing how such variation in the seed region might affect long-term evolution of HIV using these two targets.
HIV eventually recovers from long-term inhibition
Several scenarios were considered in the experimental design for long-term cultures. First, it has been computationally predicted and experimentally confirmed that using multiple shRNAs reduces the likelihood of escape. 6, 7, 14, 15 We thus considered not only shRNA "monotherapies" but also two strategies for combinatorial shRNA delivery: equally distributed delivery of both shRNAs to all cells in a population versus compartmentalized delivery of individual shRNAs to a fraction or subpopulation of the cells within a population (Figure 1e) . While the former is the strategy explored to date, our recent in silico analysis of compartmentalized delivery indicates that it may provide similar therapeutic benefits. 16 In addition, due to delivery limitations, any clinical application of gene therapy will likely include a mix of gene-transduced and unmodified cells, and the latter could serve as a reservoir for viral replication and mutation. 8, 15 To more accurately reflect this heterogeneous environment, which has not been considered by others, 8 we mixed Ldr3-or TatB2-protected cells with unmodified or unprotected cells at a ratio of 1:1. Furthermore, to account for the stochastic nature of long-term evolution studies, each mixture of unprotected and protected cells was tested in replicates of n = 12, over 32 days. Cultures whose infectious titer exceeded 1,000 IU/ml at any point were considered to have escaped, since cultures reaching this threshold consistently proceeded to higher titers. Although both shRNAs suppressed HIV replication to similar extents in a short-term trial (Figure 1b) , Ldr3 enabled markedly more effective long-term suppression (Figure 2a) . Moreover, HIV replication was suppressed even in the presence of high proportions of unprotected cells (up to 50%).
We also tested the shRNAs in combination. In the compartmentalized combination, two cell populations, each expressing a single shRNA, were mixed with unprotected cells at a ratio of 1:1:1. In the equally distributed combination, Ldr3 and TatB2 coexpressing cells were mixed with unprotected cells at a ratio of 2:1. To improve the capacity to identify trends in an inherently stochastic process, replicates of n = 48 were used for each condition. Interestingly, we found nearly identical frequencies of escape for the two combinatorial strategies over 32 days (Figure 2b) , suggesting that at least for these shRNAs the exact combination strategy may not be a major factor in determining the efficacy of long-term inhibition in vitro, confirming our in silico predictions. 16 We next analyzed potential mechanisms of escape for each RNAi strategy.
u3 is a hotspot for mutation
We sequenced the Ldr3 and TatB2 targets and flanking regions of HIV (Supplementary Figure S1 ) from cultures that generated high titers for three Ldr3-protected cultures, three TatB2-protected cultures, five compartmentalized cultures, and four equally distributed cultures. We also sequenced HIV propagated in unprotected cells to survey the natural diversity that arises from in vitro propagation without external RNAi-mediated selective pressure. Interestingly, sequence analysis of the Ldr3 region for 204 clones and the TatB2 region for 187 clones resulted in only 8 and 13 clones containing mutations within their respective target sequences, and no point mutations, insertions, or deletions became fixed (present in more than 50% of clones from any single culture) within the viral quasispecies for either target region ( Table 1) . While mutation of both RNAi target regions was likely in cultures that included both shRNAs, our sequencing methodology did not provide us with information on linkage between the Ldr3 and TatB2 sequences (Supplementary Figure S1) . Importantly, no mutations occurred in the Ldr3 or TatB2 target in cultures that did not express a shRNA targeting that region, confirming that both regions are highly conserved and appropriate RNAi targets.
Since direct target mutation was not a dominant mechanism of resistance, we investigated whether, as we observed for RNAi targeting the TAR element, 8 compensatory mutations may be contributing to indirect resistance. Two regions were analyzed using sequencing data adjacent to the RNAi targets: the LTR and psi, and exon 1 of tat and rev, and a portion of vpu (Supplementary Figure S1 ).
We first considered the sequence diversity of virus exposed to each selective pressure by quantifying the distribution of the number of mutations per clone within functionally relevant subsections of sequenced regions. For the LTR and psi, these regions include the untranscribed U3 enhancer region and the transcribed but noncoding R, U5, and psi regions. Since the LTR and psi are partially noncoding, their sequences are not suitable for an analysis of the ratio of nonsynonymous to synonymous substitutions as an indicator of positive selection, and alternative analysis for positive selection in promoters 17 is difficult in a 9,000-nt genome with few noncoding regions. However, Kruskal-Wallis rank sum analysis of the median number of mutations per clone revealed that the U3 region from Ldr3 cultures and the equally distributed combination cultures have significantly higher median diversity compared to unprotected cultures (Figure 3a) . The U3 region from compartmentalized combination cultures also has a higher median diversity than unprotected cultures, though this difference is not statistically significant once the Holm-Bonferroni correction for multiple comparisons is applied (P = 0.013). In contrast to Ldr3, the U3 region from TatB2 cultures-shown to be less suppressive of viral replication (Figure 2a) -does not show an elevated median diversity compared to virus from unprotected cultures. Likewise, the transcribed R, U5, and psi regions did not show any significant differences in median diversity for HIV clones from any RNAi-protected cultures (Figure 3b) . Finally, the tat and rev exon 1 coding sequences and the vpu coding sequence that did not overlap with env did not exhibit significant differences in median sequence diversity in virus from unprotected vs. any RNAi-protected culture (Figure 3c,d) .
The significantly higher median diversity of the U3 region for HIV exposed to a RNAi selective pressure (Figure 3a) indicates that enhancer mutations may have contributed to In each sample, 4 × 10 5 cells of a given RNAi composition were infected at a multiplicity of infection (MOI) of 0.0005. Infectious titers were measured every 2 days, and every eighth day viral supernatant was transferred to a new culture with a composition identical to the original, for a total of 32 days. Cultures that exceeded 1,000 IU/ml were deemed to have "escaped."
the capacity for replication in the presence of antiviral RNAi. Analysis of substitution frequency at each nt revealed that several U3 mutations were fixed within particular cultures and unique to HIV exposed to RNAi (Figure 4a) , including several mutations in a NFAT binding site (nts −230 to −220) and a mutation in YY1/LSF and LBP-1 sites just upstream of TAR (at nt −1). Furthermore, though not fixed within any particular culture, mutations in transcription factor binding sites for nuclear factor-κB, Sp1, AP4, and YY1/LSF (Supplementary Table S1 ) appeared at frequencies similar to the mutations within the Ldr3 and TatB2 target regions. By contrast, within tat/rev and vpu there were a couple frequent mutations, but none were unique to virus exposed to RNAi (Figure 4b) .
Mutations enhancing transcription confer viruses with cross-resistance to rnAi
We analyzed the replication of 12 variants that were chosen from cultures that escaped different RNAi strategies, represented both fixed and low frequency mutations (present in up to 25% of clones in any single culture), and encompassed mutations located in previously documented transcription factor-binding sites 18 ( Supplementary Table S1 ). Importantly, none of these variants included mutations in the Ldr3 or TatB2 targets. For quantitative comparison of viral replication dynamics in unprotected and RNAi-protected cultures, we calculated the "burst size" or cumulative viral replication for each viral strain by integrating the replication curves over the 10-day time course. Four of the twelve mutants exhibited significantly enhanced cumulative viral production in the presence of several RNAi strategies compared to the WT strain (Figure 5a and Supplementary Figure S2) . For example, mutants T-C19 and C-CK1, which emerged from TatB2 and compartmentalized combination cultures, respectively, had significantly larger burst sizes compared to the WT virus in the presence of the TatB2 shRNA. Likewise, mutants L-K7 and L-L2, which were isolated from Ldr3 cultures, demonstrated enhanced cumulative viral replication compared to WT virus in the presence of the Ldr3 shRNA.
Strikingly, L-K7 and L-L2 also had significantly larger burst sizes compared to the WT virus in the presence of the TatB2 shRNA, and thus exhibited cross-resistance to TatB2, even though they were never previously exposed to this shRNA. Additionally, the mutant showing the strongest resistance to Ldr3 and TatB2 individually, L-K7, also exhibited cross-resistance to the equally distributed combination. Finally, the four mutants that demonstrated resistance to one or more RNAi strategies also showed altered replication dynamics in unprotected cells compared to the WT strain Figure S3) . Accelerated peaks and subsequent drops in infectious titer (due to cell death induced by HIV replication) resulted in lower burst sizes than the WT strain in unprotected cells. Interestingly, we previously observed such accelerated replication dynamics and lower replicative fitness in unprotected cells for variants with enhanced transcriptional activity. 8 To address whether their evasion of RNAi was due to transcriptional upregulation, we quantified transcriptional elongation in cells infected with the four resistant mutants (Figure 5b) . Mutant L-L2 produced 1.5-fold more fully elongated transcripts compared to WT HIV, though this increase did not reach statistical significance (P = 0.14). However, mutants L-K7 and C-CK1 Normalized burst size
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Normalized elongated transcripts produced 2.3-and 1.7-fold more fully elongated transcripts, respectively, compared to WT HIV (P < 0.05).
enoxacin acts synergistically with rnAi to inhibit a mutant indirectly resistant to rnAi alone
If the RNAi pathway becomes overwhelmed by large numbers of HIV transcripts, improving the flux of HIV RNAs flowing through this pathway should inhibit such indirectly resistant mutants. It was recently shown that enoxacin could enhance RNAi activity. 19 We thus investigated if enoxacin would act synergistically with RNAi to inhibit indirectly resistant mutants. While enoxacin inhibited WT and mutant virus replication in a RNAi-independent manner (Figure 6a) , as previously reported, 20, 21 we found that enoxacin combined with RNAi inhibited replication of mutant LK-7 even when RNAi alone did not. If one knows the individual normalized burst sizes (i.e., the burst in the presence divided by the burst in the absence of the intervention) of two separate interventions, and the two interventions function independently, then the expected burst size of a combination of the two interventions is the product of their two individual normalized burst sizes. 22, 23 However, we found that the actual burst size for the combination of enoxacin and the Ldr3 shRNA was 2.3-fold lower than an expected burst size that assumes independent effects (P < 0.05; Figure 6b) . Thus, enoxacin acts synergistically with Ldr3 to inhibit replication of an indirectly resistant mutant. Collectively, these results indicate that mutation of the HIV promoter can render the virus resistant to one or more shRNAs targeting distant sites in the viral genome by overwhelming of the RNAi pathway, but strategies to enhance RNAi may represent a means to address this problem.
dIscussIon
Viral resistance generally involves direct mutation of a drug target, resulting for example in an enzyme active site that no longer binds the inhibitory molecule, 24 or a RNA that is no longer degraded by RNAi. 5 In these cases, cross-resistance can occur within specific drug classes. For instance, HIV resistance to one Protease inhibitor can confer HIV with cross-resistance to another Protease inhibitor, 25, 26 but not to a reverse transcriptase inhibitor. With sequence-specific therapies such as RNAi, it has widely been assumed that resistance to one short interfering RNA would not result in cross-resistance to another short interfering RNA targeting a distinct 21 nt sequence. Thus, combinatorial RNAi, in which multiple distinct 21 nt sequences are targeted simultaneously, has been suggested as a strategy to contend with resistance. 7, 27 Here, we show that evolution of transcriptional regulation can confer HIV with a generalized cross-resistance to RNAi. Thus, mutations in the viral promoter could alarmingly render the virus resistant to combinatorial RNAi and even to shRNAs to which the virus had never previously been exposed.
We identified mutations in U3 that may play a role in resistance by modulating the balance of activator and repressor recruitment to the HIV promoter. 18 For example, deletion of the upstream NFAT site 28 has been shown to increase LTR transcriptional activity and viral replication, 29, 30 and the fixed NFAT mutations in variant L-K7 and other mutants (Supplementary Table  S1 ) could play similar roles in modulating transcription and replication. In addition, mutations in nuclear factor-κB sites-such as in L-K7, T-C19, C-CK1, and other mutants-could alter the differential binding affinities of various nuclear factor-κB dimers and thereby regulate transcriptional activity. 31, 32 While T-C19 did not show enhanced transcriptional elongation, the transcriptional upregulation may be subtler in this mutant and thus not detected with the specific assay we employed, or differences may present at other time points. Finally, several variants replicated with dynamics similar to WT virus (Supplementary Figure S2) and were likely propagated by replication in unprotected cells.
These results encourage thinking outside the target and designing combinations that take indirect mechanisms of resistance into account. For example, our results indicate that biochemical approaches to enhance RNAi 19 ( Figure 6 ) may aid in Normalized burst size
1.E−03 . Total viral burst sizes were calculated as previously described over 10 days and normalized to the burst size of WT virus in unprotected cells. Experiments were conducted in biological triplicate, and error bars represent 1 SD. *A significantly different burst size compared to the same virus and cell type without enoxacin (0 μmol/l) (P < 0.05). (b) Expected burst sizes for mutant LK-7 in the presence of enoxacin and the Ldr3 short hairpin RNA (shRNA) combined were calculated using a neutral model, in which the two inhibitors are assumed to act independently. Thus, the expected relative viral burst size in the presence of enoxacin and Ldr3 combined is equal to the relative burst size in the presence of enoxacin multiplied by the relative burst size in the presence of Ldr3, measured independently. 22, 23 If the observed relative burst size is less than the expected value, the inhibitors act synergistically. A synergism score was calculated by taking the ratio of expected to measured relative burst size. If enoxacin and Ldr3 act purely independently, the score =1, while a score >1 indicates synergism. Values reported as mean ± SD. *Synergism score significantly >1 (P < 0.05).
circumventing resistance involving general overwhelming of this pathway. Modulating expression of RNAi pathway components may also enhance RNAi activity; 33 however, direct engineering of the RNAi pathway must be approached cautiously, as increasing expression of the shRNA itself may saturate or competitively inhibit endogenous miRNA activity. 34, 35 Alternatively, a combination of RNAi and non-RNAi therapies such as highly active antiretroviral therapies may also prevent resistance. 8, 36 In addition, the prescient inclusion of a CCR5 ribozyme and TAR decoy in addition to a shRNA targeting tat/rev in the recent phase I gene therapy trial 9 results in a multilayered defense. It is conceivable that indirect evasion could arise via elements other than the promoter, since for example sequence variation in Tat also impacts transcription, 37 and it is possible that indirect evasion occurs for other antiviral therapies as well. 38 Furthermore, whether analogous mechanisms of resistance exist for viruses with unique lifecycles remains an open question. For example, while poliovirus, respiratory syncytial virus, and hepatitis C virus do not have promoters that drive transcription, mutations that improve the initiation of positive strand RNA synthesis by the RNAdependent RNA polymerase 39, 40 could result in indirect resistance to RNAi. Thus, broad sequencing approaches may aid in studying resistance mechanisms. Finally, fine-tuning of gene regulation by modulating the relative rates of mRNA synthesis and degradation may be a more general evolutionary mechanism, as recently investigated in yeast. 41 In summary, we have shown that mutation of the HIV promoter can result in HIV cross-resistance to two distinct and spatially distant shRNAs targeting protein-coding sequences. This indirect and target region-independent mechanism of resistance occurred in the presence of combinatorial RNAi and could render such combinations ineffective. Such indirect mechanisms of resistance should arguably be considered when designing mono-or combinatorial anti-HIV therapies.
MAterIAls And MetHods
Cell culture, vector preparation, and cell line generation. Complimentary oligonucleotides (Invitrogen, Carlsbad, CA) including the appropriate loop and specific sequence for the targeted HIV regions ( Supplementary  Table S2 ) were annealed, phosphorylated, and ligated into the pSLIK vector (ATCC, Manassas, VA) as described.
11 HEK 293Ts, SupT1s, and CEM green fluorescent protein cells were cultured, and lentiviral vectors were packaged as previously described. 8 shRNA-expressing SupT1s were generated via transduction at multiplicity of infections of <0.1, and transduced populations were selected using 500 μg/ml of G418 sulfate (Sigma-Aldrich, St. Louis, MO) or cell sorting based on 1,000 ng/ml doxycycline-induced (Sigma-Aldrich) Venus expression.
HIV propagation experiments. Stocks of WT and mutant HIV NL4-3 were prepared using a single-LTR vector and titered as described. 8 To initiate the short-term and long-term propagation experiments, 4 × 10 5 cells were infected as described, 8 with 250 ng/ml of doxycycline to induce shRNA expression. Enoxacin (Sigma-Aldrich) dissolved in dimethyl sulfoxide (Sigma-Aldrich) at final concentrations of 25 and 50 μmol/l, or carrier (dimethyl sulfoxide) alone, was added as indicated. Infectious titers were measured using CEM green fluorescent protein indicator cells. 8 For longterm cultures, supernatant was removed 8 days postinfection and stored at −80 °C, and 250 μl was used to initiate infections of fresh cultures of identical composition. Cultures that showed infectious titers greater than 1,000 IU/ml using the CEM green fluorescent protein indicator cells were considered to have escaped the RNAi.
Sequence analysis. Viral supernatant from putative escape cultures were used to infect a total of 1 × 10 5 naive SupT1s at a multiplicity of infection of 0.025 in the presence of 1 μmol/l saquinivir (NIH AIDS Research and Reference Reagent Program, Bethesda, MD) to limit infection to a single round. Genomic DNA was isolated 2 days postinfection using the Qiamp DNA Mini Kit (Qiagen, Venlo, the Netherlands). The LTR, psi region, tat, and vpu were PCR amplified using degenerate oligonucleotides binding to highly conserved regions (Supplementary Table S3 ) and TOPO cloned (Stratagene, La Jolla, CA) for sequencing. Python and the MUSCLE alignment algorithm were used for sequence analysis.
Transcriptional elongation assays. A total of 1 × 10 5 SupT1s were infected at a multiplicity of infection of 0.025 with WT or mutant virus in the presence of 1 μmol/l saquinivir to limit infection to a single round. Total RNA was extracted 3 days postinfection using Trizol (Invitrogen). Elongated transcripts were quantified using the single-step Quanititect SYBR Green Reverse Transcriptase-PCR kit (Qiagen) with primers to detect Tat and β-actin transcripts 42, 43 (Supplementary Table S4 ). Reverse transcriptasequantitative PCR measurements were performed in technical triplicate.
Synergy analysis.
Interaction between enoxacin and Ldr3 shRNA was calculated using a neutral model as described. 22, 23 Briefly, if two inhibitors of viral replication-A and B-act completely independently, the expected relative viral burst size in the presence of A and B combined is equal to the relative burst size in the presence of A multiplied by the relative burst size in the presence of B. A synergism score was calculated by taking the ratio of expected to measured burst sizes. A score >1 indicates synergism, a score = 1 indicates purely independent activity, and a score<1 indicates negative interactions.
Statistical analysis.
Titers and fully elongated transcripts were compared using the Student's t-test (P < 0.05). Sequence diversity of virus exposed to different selective pressures was compared using the Kruskal-Wallis Rank sum test and Mann-Whitney U-test with the Holm-Bonferroni correction (P < 0.05). Figure S1 . Regions sequenced. Figure S2 . Burst size analysis of 12 mutants. Figure S3 . Replication dynamics of four indirectly resistant mutants. Table S1 . Fixed and low frequency mutations in functionally relevant regions of the HIV LTR. Table S2 . Oligonucleotide sequences for pSLIK cloning. Table S3 . Degenerate oligonucleotide sequences for PCR amplification of HIV from genomic DNA. Table S4 . Oligonucleotide sequences for RT-QPCR.
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